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Abstract 
 
The objective of this research work is to design, develop and calibrate a transducer for 
measuring the horizontal drawbar pull of an agricultural tractor.  
The transducer design is based on a thin proof ring that forms an integral part of the 
drawbar element with strain gauges banded on the inside and outside curvatures of the 
proof ring. The strain gauges are arranged in a full bridge constant current circuitry 
and interfaced to a data acquisition system.  
Static calibration tests on the transducer showed high degree of linearity between 
applied load and output volt with coefficient of correlation R2 equal to 0.9968. The 
transducer measurements accuracy was within the acceptable range limits with 
measurement errors not more than 0.67% of the measured force magnitudes under 
static measurements. The data acquisition system was able to successfully scan and 
record the transducer signals as programmed.  
The developed transducer can be part a complete instrumentation system to be used 
for developing comprehensive information database on power and energy demand of 
various tractor field operations in Sudan. 
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CHAPTER I 
 
INTRODUCTION 
 
1.1 Background  
Historically Sudan was one of the pioneering developing countries to introduce 
agricultural mechanization in the form of tractors and machinery to mechanize 
agricultural production in the irrigated and rain-fed sectors in the early forties of the 
last century. All over the years Sudan government has intervened to encourage 
increasing the cultivated area and thus increasing the agricultural production. There is 
a continuing need for adaptation of new technology and usage of appropriate 
machinery to achieve the set target. On one hand the costs of production using 
machines have tremendously increased to the extend that some farmers have 
abandoned their farms. On the other hand, cultivation of large areas cannot be done 
without usage of agricultural tractors and machinery.    
Presently, with the advent of tractor assembly and partial manufacturing of some farm 
machinery especially at Giad Industrial complex and with the steady increase in the 
use of advanced field irrigation and animal production systems, Sudan is expected to 
expand in the manufacturing of tractors and machinery components in the near future. 
The technical specifications of these tractors and machinery cannot be made available 
to the farmers since these tractors and machinery were not properly tested for their 
performances under real field conditions. Furthermore, local agricultural machinery 
distributors sell imported machinery that had been developed for  crops and terrains in 
their country of origin. Trial and error modification works on these imported 
machineries were made by the distributors to comply with the local crop and terrain 
conditions. Testing and evaluation for all these agricultural machineries could not be 
made locally simply because of unavailability of testing and evaluation facilities. 
 
Abroad, standard tractor tests such as the Nebraska Tractor Test and OECD 
(Organization for Economic Cooperation and Development) Test are conducted on a 
special-made track by specified standard test procedures and simulated test conditions 
similar to that of field conditions.  Tractor test results  are published and made 
available to interested parties upon request. However, the produced test reports are 
only meant for the purpose of comparing the performance ratings of different tractor 
models and makes that are based on the specified standard laboratory conditions and 
test procedures.  The reports are not able to indicate the actual performances of the 
tractor running on a specific implement type and model under the actual field 
operating conditions.  The true field performances of the tractor-implement could vary 
with different tractor-implement operating conditions and field conditions.  Such 
performances could only be known by having a instrumentation system that could 
monitor the needed performance parameters of the tractor-implement while the 
tractor-implement is running the operations in the field. 
 
The recent evolution and merits in the electronics and computer technology have 
simplified measurements on field performance of tractor-implement. The 
advancement has proven to be a key factor in improving the overall productivity and 
performance of machinery.  The acquiring, scanning, monitoring and data processing 
with computer based data acquisition systems have been very much improved due to  
higher processing speed, durability, compactness and large data storage capacity of 
these systems (Tompkins and Wilhelm, 1982; Grevis-James et al., 1983; Clark and 
Adsit, 1985; Grogan et al., 1987; Watts and Longstaff, 1989; Wang and Zeorb, 1990; 
McLaughlin et al., 1993; Al-Suhaibani et al., 1994; Kheiralla and Yahya, 2001). 
Furthermore, subsequence developments by tractor manufacturers led to the 
introduction of on-board tractor performance monitoring systems displaying tractor 
performance related to a parameters only provide tractor status (Scarlett, 1993).  More 
recently, the surge of precision agriculture products and technologies, involving 
essentially the integration of differential global positioning system with monitor, has 
created a demand for monitoring system that is easily expandable and easily 
configurable to accept technology of the future  (Yule et al., 1999; McLaughlin and 
Burtt, 2000; Scarlett, 2001; van Bergeijk et al., 2001). 
 
To date there is no comprehensive agricultural information system or testing and 
evaluation facility for agricultural machinery in Sudan. Most test reports on imported 
farm machinery are from countries of origin, which are not able to indicate the actual 
tractor-implement performance in the field while for locally manufactured farm 
machinery are lacking proper testing and evaluation. The department of Agricultural 
Engineering at Faculty of Engineering, University of Khartoum had already proposed 
system instrumentation with the state-of-the-art technology, which has enormous 
potentials for field testing and evaluation of any new agricultural implements, 
developing comprehensive information database on power and energy demand of 
various tractor field operations in Sudan in order to reduce the high risks of 
manufacturing and importing incompatible and non performing machinery to suit the 
local requirements. The proposed system can be expandable by integrating differential 
global positioning system (DGPS) for precision farming applications on managing the 
site-specific variability of tractor-implement field performance. With proposed system 
and University of Khartoum expertise, testing and evaluation of farm machinery can 
be carried out under close cooperation with any interested government agencies or 
local farm machinery manufacturers for their newly developed or imported 
agricultural machinery, and consulting and building of similar system to any mobile 
off-road type vehicles to meet the country's permanent and contemporary national 
needs. 
 
1.2 Objective  
 
The main objective of this study work is to develop an integrated drawbar pull 
transducer for agricultural tractor as part of a comprehensive tractor's instrumentation 
for developing database on power and energy demand of various tractor field 
operations in Sudan. The work involves: 
1. To design and develop a locally made loading frame for transducer 
calibration   
2. To design, develop and calibrate a locally made integrated  drawbar pull 
transducer,  
3. To conduct finite element analysis for the drawbar transducer 
 
CHAPTER II 
 
LITERATURE REVIEW 
 
2.1 Strain Measurement 
Strain measurement is established through knowledge of the properties of material, or 
by direct calibration against known load, torque and pressure. Properties of materials 
of particular concern in strain measurement are modulus of elasticity, E, temperature 
coefficient of expansion, a, and Poisson's ratio, v .Since stress and strain are related; it 
is possible to determine stress from measured strain under appropriate conditions. 
Strain measurements are made at the surface of an engineering component. The 
measurements yield information about the state of the strain on the surface of the part. 
The analysis of measured strain requires an application of the relationship between 
stress and strain at a surface. Figure 2.1 and Table 2.1 show stress-strain relationships 
at a point for ideal elastic members under condition of one, two and three-dimensional 
stress.  
2.2 Strain Measurement Methods  
Numerous methods of strain measurement have been used. At present, strain 
measurement techniques may be classified into the following groups:  
 
• Electrical resistance strain gauges  
• Surface coating techniques (stress coat and photo- elastic coating)  
• Mechanical and mechanical/optical methods  
• Photo- elasticity  
• Moire method  
• Miscellaneous methods  
The overwhelming majority of strain measurements are presently being made 
by the use of electrical resistance strain gauges. Furthermore, transducers for 
measurement of forces, pressure, torque, displacement are most often strain gauge 
type. In many instances researchers in agricultural engineering can design and 
construct transducers to be used in experimental or for field measurements.  
 
Figure 2.1: Stresses at a point Represented by Variation of Volume 
 (Source: Henry et al., 1992)  
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Table 2.1: Stress - Strain relationship at a point 
 (Source: Henry et al., 1992)  
2.3 Electrical Resistance Strain Gauges 
 
The most common method for measuring strain is through the change in electrical 
resistance that material exhibits under load. Both metallic and semiconductor 
materials experience a change in electrical resistance, when subjected to strain. These  
strain gauges are relatively inexpensive, accurate, and small in size and mass, with 
excellent frequency response. Of all strain measurement techniques available, the 
electrical resistance strain gauge best approaches the ideal strain gauge of stress 
analysis. The resistance strain gauge is not only used for direct measurement of strain 
for determination of stress, but also for variety of other transducers such as load cells, 
pressure transducer and torque meter. 
 Two individuals began the modem development of strain measurement in the late 
1930s, Edward Simons at California Institute of technology and Arthe Ruger at the 
Massachusetts Institute of technology. Their development of bonded metallic wire 
strain gauge led to commercially available strain gauges (Figliola and Beasley, 2000).  
The principle of operation of metallic resistance strain gauge is relatively simple, 
when a length of wire (or foil) is mechanically stretched a longer length of smaller 
sectioned conductor results, hence the electrical resistance change. If the length of 
resistance element is intimately attached in such away that the element will also be 
strain, then the measured change in resistance can be calibrated in terms of strain. The 
gauge factor, GF is an index of the strain sensitivity of the gauge, and is defined as:                       
R
RGF = (2.1)  
where KR is the change in gauge resistance in ohm; R is the initial gauge resistance in 
ohm and L is strain in micro-strain. In practical application, the strain gauge    
manufacturers give values of GF and R and the user determines corresponding to the 
input situation being measured. Strain gauge can be bonded to almost any solid 
material if the surface of the material is properly prepared. Cleanliness in the gauge 
mounting is of utmost important. Five basic steps are generally necessary for proper 
surface preparation. These are solvent degreasing, abrading, and application of gauge 
layout lines, conditioning, and neutralizing. This preparation will produce a 
chemically clean surface having a roughness which is appropriate to the gauge 
installation requirements with a surface alkalinity at least 7 and visible gauge layout 
lines for location and orienting. 
 
2.4 Selection of Strain Gauges  
Selection of the appropriate strain gauge is important if the optimum performance is 
to be obtained under the specified environmental and operating conditions. Cost and 
ease of installation are the other factors to be considered in gauge selection. Micro 
Measurements, 1992 lists the following parameters as affecting the installation and 
operating characteristics of strain gauges:  
• Strain sensitivity alloy  
• Backing (carrier) material  
• Gauge length  
• Gauge patterns (number, arrangement and orientation of grids, grid 
width, solder type and configuration)  
• Self temperature compensation number  
• Grid resistance  
• Options  
In most cases, gauge selection is a compromise that involves considerations of the 
size grid pattern and gauge length of the strain gauge. In addition, the total resistance, 
backing material, excitation levels, fatigue life, strain limits, dynamic response, and 
zero drift of the gauge and hysterics must usually be considered.  
Figure2.2 illustrates the construction of a typical metallic foil banded strain gauge. 
Such strain gauge consists of metallic foil pattern that is formed in a manner similar to 
the process used to produce printed circuit. The gauge length is an important aspect of 
selecting an appropriate strain gauge for a particular applications. Strain is usually 
measured at the location on an engineering component where the stress is maximum, 
and stress gradients are high.  
 
2.5 Circuits for Strain Measurement  
Strain measurement using electrical resistance strain gauges is based on the 
measurement or detection of a relatively small change in resistance. In many 
applications strain measurements under both static and dynamics load conditions are 
desired. Of all the possible configurations, the Wheatstone bridge circuit is 
undoubtedly used to greatest extend. Also, the Bridge may be used as a direct readout 
device, where the output voltage KE is measured and related to strain. Also the bridge 
may be used as a null balance system, where the output voltage KE is adjusted to zero 
value by adjusting the resistive balance of the bridge. In either of these modes of 
operation, the bridge can be effectively employed in a wide variety of strain gauge 
applications. Consider the case when all four resistances in the bridge circuit of 
Figure2.3 represent active strain gauge. The bridge output is given by  
 
Figure 2.2: Construction of a Typical Metallic Foil Strain Gauge 
Source : Micro-Measurement, 1992 
 
(2.2) 
 
The strains for Rl, R2, R3 and R4 are assumed initially to be state of zero strain.  
If these gauges are subjected to strains such that the resistance change by R , where 
i= 1, 2, 3 and 4, then the change in the output voltage can be expressed  
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Evaluating the partial derivative from equation (2.3) yields 
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From equation (2.1) dRi = RiLiGf and the value of OdE  can be determine. Assuming 
dRi  Ri and R1 = R2 = R3 =R4, the resulting change in output may be expressed: 
 (2.5) 
 
Figure 2.3: Basic Strain Gauge Bridge Circuit  
 
2.6 Temperature Compensation 
Electrical resistance strain gauges are normally quite sensitivity to temperature. Both 
the differential expansion between the grid and the tested material and the temperature 
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evaluation as part of the data reduction problem. Compensation may be provided (l) 
through use of adjacent-arm balancing or compensating gauges (dummy) or (2) by 
means of self-compensation. For example two identical gauges placed in adjacent 
arms of a half bridge circuit and bound to the same material would give temperature 
compensation if both gauges were subjected to the same temperature. This also 
applies to full bridge if all four gauges, bound to the same materials, and were always 
at the same temperature during the test. Furthermore, a common arrangement for 
temperature arrangement is the use of a dummy gauge, identical to active gauge, in a 
half bridge circuit. The dummy must be bound to a stress free piece of material on 
which the active gauge is bound and placed as close to the active gauge as possible so 
that it experiences the same temperature. 
 
The most common self compensated gauge available is the selected melt gauge. The 
former is based on the discovery through proper manipulation of alloy and processing, 
particularly through cold working, some control over the temperature sensitivity of 
the grid material may be exercised. Through this approach grid material may be 
prepared that show very low apparent strain versus temperature change over certain 
temperature range when the gauge is mounted on a particular test material. Self-
temperature compensated gauges are readily available from strain gauge 
manufacturers. In the gauge designation code, a number usually appears that indicates 
the material from which the gauge is temperature compensated.  
 
2.7 Calibrating Strain Gauge Circuit 
Calibrating of any measuring system consists of introducing an accurately known 
sample of the variable that to be measured, and then observing the system's response. 
Normally, the strain gauge is bound to a test item that strain is unknown. Once bound, 
the gauge can hardly be transferred to a known strain situation for calibration. In cases 
if gauges are used as transducers applied to an appropriate elastic member for the 
purpose of measuring force, torque etc, it may be perfectly feasible to introduce 
known inputs and carry out satisfactory calibrations when the gauge is used for the 
purpose of experimentally determining strains. However, some other approach to 
calibration problem is required. Direct system calibration can be achieved by shunting 
a fixed resistance across one arm of Wheatstone bridge. The method consists of 
determining the system's response to the introduction of a known small resistance 
change at the gauge and calculating an equivalent strain from there. The method 
usually adapted to a precision Rs into the bridge in parallel with gauge to be 
calibrated.  
 
2.8 Data acquisition and processing System  
The data acquisition system is the portion of a measurement that quantifies and stores 
the data. Processing then involves manipulating the data to obtain the required result. 
In strain gauge applications, the signal generated by the strain gauge through the use 
of wheatstone bridge, must be measured accurately to determine strain. The 
automated data acquisition take the signal from transducer, use signal conditioning to 
convert the signal from the signal form perhaps a resistance change to a voltage, 
converted to an analog signal to a digital signal and store it for processing by a 
microprocessor. A data logger is a microprocessor-based device, which collects and 
stores data, being programmed from its front panel. A large numbers of transducers 
can be connected to the data logger and its microprocessor permits simple 
programming to determine which transducers to use, when and how often to use them 
to obtain data. It has ability to carry out simple arithmetic operations in order to 
determine the result from a number of measurements. In addition, it has alarm 
features to alert the user when a sensor value exceed preset condition. Generally the 
results are then presented in the form of display, for recording by a printer or for 
storage on a floppy disk which can then be transferred for reading and  analysis by a 
computer or directly downloaded to a computer. A computer based data acquisition 
system is a hybrid system combining a data acquisition system and a personal 
computer. Such a data acquisition system input/output boards are available in the 
form of an expansion plug or a PCMCIA card (Personal Computer Memory Cad 
International Association). The interface between external instrument and the 
computer using input/output (I/O) plug in board, which is mate to expansion slot in 
the computer. This provides direct access to the computer's bus, the main path used 
for all computer operations. Connecting cables connect between remote measuring 
devices and the plug in board (I/O) ports. Software programs which utilized 
equipment specific subroutines called drives are required to drive the interface 
communication and are readily available. Generally, a data acquisition system is made 
up of the following components:  
1. Signal Conditioning: Analog signals will usually require some type of signal 
conditioning for proper interface with a digital system. Filters and amplifiers 
are the most common components used. Anti-alias filters are required to 
remove signal information above Nyquist frequency. All data acquisition 
systems contain on board analog filter, so these necessary components are 
often overlooked. All automated data acquisition systems are input range 
limited. There is a minimum value of a signal, which they can resolve and  
many transducer signals will need amplification or attenuation prior to 
conversion. Most data acquisition systems contain on board instrumentation 
amplifiers.  
2. Multiplexers: A multiplexer is simply a multiple port switch that permits 
several analog input lines to be connected through a common output line. Each 
analogue enters through an individual switch port that is in turn sequentially 
connected to the output line. Switching rate is determined by the conversion 
timing control logic. 
3. A/D Converters: Analog to digital converter converts analog voltage value 
into a binary number. Conversion A/D Analog signals to digital code are 
extremely important in any instrumentation system involving digital 
processing of the analog output signal from the digital conditioning. The 
principle consideration in selecting a type of A/D converter will include 
resolution, voltage range and conversion speed.  
4. D/A Converters: Digital to analog converter permits a data acquisition system 
to convert digital numbers into volt, which might be used for process control, 
such as change a process variable or drive a sensor positioning motor. The 
digital to analog signal is initiated by computer software.  
5. Central Processing Unit ( CPU): The Microprocessor system of a personal 
computer consists of memory, control circuit, input/output peripherals and 
clock built around a central processing unit. The CPU performs arithmetic 
operations, comparisons, and logical operations data management  
2.9 Tractor-Implement performance Data Acquisition system 
Research emphasis on tractor and implement performance has been enhanced recently 
by the increasing numbers of newly developed microcomputer based data acquisition 
systems and performance monitors. Numerous systems for monitoring and recording 
the performance of tractor and implement have been developed and reported. Earlier 
systems often consisted of a single transducer and a strip-chart recorder. As the 
microprocessor evolved during the 1980s, tractor instrumentation systems became 
more sophisticated, employing computer to scan many transducers, convert analog 
signals into digital format, and store the data in memory or magnetic media. 
 
Tompkins and Wilhelm (1982) developed a tractor mounted microcomputer based 
instrumentation system that monitored the energy input to implement powered by a 
PTO of an agricultural tractor. Sampling rate was varied from 0.01to 300 second. 
Operation control was through a keyboard and video monitor located inside the tractor 
cab. Extensive software programs were developed for system checking and data 
collection. 
 
Gravis - James et al. (1983) used two Aim 65 microcomputers to monitor record and 
analyze tractor and implement field performances. The first computer monitored and 
recorded drawbar pull, ground speed, wheel slip, fuel flow and engine speed. The 
recorded data were transferred to the second computer to be analyzed and printed. 
 
Clark and Adist (1985) developed an onboard microcomputer based instrumentation 
system that measured tractor and implement field performances for Kubota L245DT 4 
WD agricultural tractor. The system measured the engine speed, ground speed, fuel 
flow rate, drawbar pull and wheel torque. Software programs were designed for 
diagnosis, calibration of each transducer, data collection and analysis. 
 
Watts and Longstaff (1998) described a sophisticated microcomputer telemetry 
system based on a land Rover assisted quick testing of cultivation equipment. The 
system handled up to 16 channels at 300 Hz. Data from tractor mounted transducers 
were passed via telemetry link to the land Rover to assist quick testing of cultivation 
equipment,  were recorded and processed in the field by an onboard computer.  
 
Lackas et a1. (1991) developed a portable data acquisition system for measuring 
energy requirements of soil engaging implement. The system measured the vertical, 
horizontal forces and torque exerted by the implement drawbar pull and ground speed. 
A Software program was used to aid in data analysis and storage. 
 
McLaughlin et al. (1993) described a general purpose instrumentation and 
datalogging system developed for a 97 kW case IH agricultural tractor for use in field 
research on tractor and implement field performances. The tractor was fitted with a set 
of transducers to measure fuel consumption, engine, wheel and ground speed, front 
and rear axle torque and weights and three point hitch forces. Transducer signals were 
isolated, amplified and filtered by signal conditioners, and recorded by a 
microcomputer based data logger. Flexible software was developed to control the data 
logger. The software had provision for a wide range of sampling rates and real-time 
graphic display of up to eight data channels. The system hardware and software were 
designed to accommodate for future channel expansion. An extension was built on the 
side of existing tractor cab to house the instrumentation system and data logger 
operator.  
 
AL-Suhaibani et a1. (1994) developed a mobile instrumentation package on board 
MF 3090 agricultural tractor for monitoring tractor and implement field performances 
under collaborative program between king Saudi University and silos college, UK. 
These measured parameters included drawbar pull, three point hitch forces, rear and 
front wheel torque and weight, PTO shaft torque, ground speed, implement working 
depth, fuel consumption and engine speed. A Self-contained mobile instrumentation 
laboratory was designed to accommodate and calibrate the transducers of the 
instrumentation package in the field. The instrumentation laboratory also included a 
personal computer for the data logger programs and for data analysis on site.  
Yule et al. (1999) developed a data acquisition system with a DGPS capability to 
monitor tractor and implement performances. Signals from transducer were recorded 
and displayed on line through signal center professional software. The operator was 
continually provided online with the useful information regarding the tractor and 
implement field performances.  
 
2.10 Drawbar Pull Measurements 
The practice of measuring tractor pull has been reported since the early part of last 
century by authors such as Sjogren (1920) who  used mechanical transducer. The need 
for pull measurement arose with the advent of replacing horses with tractors as 
primary source of tractive power on North American Farms prompting the market to 
demand standardization of the tractor ratings. Out of this requirement came the 
development of (dynamometers) which, initially, merely consisted of calibrated 
springs. These were later improved by incorporating hydraulic elements in order to 
enhance the portability of the measured mechanical signals (Smith and Larsen, 1949). 
Electrical force transducers were not adopted in the industry as quickly as their 
mechanical counter parts were. Interest in them only started to grow following a paper 
on stress analysis by Jensen in 1954. 
 
Drawbar force is measured by transducer units inserting them in between the tractor 
and the implement, which introduces extra linkages that are not found in the hitch 
system during the normal field operation of the tractor (Zoerb and Howes 1976). 
Grevis- James et al. (1981) were able to over came this difficulty by mounting strain 
gages in a hole drilled through the drawbar. It should be noted that this method of 
sensing may suffer from low mechanical sensitivity and, therefore, requiring higher 
electrical amplification for better over all sensitivity.  
 
Zierb and Musonda (1982) measured drawbar force using a hitch pin whose out put 
was independent of the hitching level on the pin.  This pin can only be used in tractors 
with hitch pin holes larger than the select range. For the majority of performance tests, 
the tractor – transducer – implement chain is used to represent the tractor – implement 
pair of the normal field operations on the assumption that the dynamic behavior of the 
two configurations will be identical. This is not so. Two difficulties arise from this 
assumption. The insertion of the transducer often forms joints at its ends that are 
capable of rotation in the horizontal, vertical or both planes. This alone may cause 
realignment of the drawbar and other dynamic forces. The second consideration is 
that since most units have substantial physical dimensions, they will have the effect of 
moving the implement further behind the traction wheels, causing a definite 
redistributions of weight transfer and, therefore,  tractive forces. These factors 
influence the accuracy of the measured data.  
 
Traditionally, tractor pull is measured with transducer units inserted in between the 
implement and to drawbar. This configuration is accepted as close enough to 
represent the setup during normal field operations of the tractor. Strictly, this 
substitution results in a modified geometry from the field operation configurations to 
a test configuration of the tractor- implement system.  Measured information from this 
traditional arrangement therefore represents some “distortions” of the field conditions. 
A measurement method that overcomes this deficiency utilizes the drawbar for a dual 
function of pulling the implement and sensing the bearing draft. The drawbar is 
electrically made insensitive to vertical forces. (Masons and Bigsby, 1985). 
Kocher and summer (1987) studied the design of drawbar transducers for measuring 
dynamic forces. The accuracy of static calibration for measuring dynamic forces was 
shown to be a function of the frequency ratio (force function frequency/transducer 
natural frequency). Static calibration used for measuring dynamic draft forces with 
steel drawbar showed an error of less than 1 % for frequency ratio less than 0.1. Two 
analytical methods (lumped mass and wave propagation) were used for estimating 
transducer lowest natural frequency. Accurate reconstruction of dynamic force was 
found to be dependent on the ratio of sampling frequency to the highest frequency 
present in dynamic force. They concluded that guidelines indicate the dynamic force 
should be sampled at a frequency six to ten times higher than the highest frequency 
present in the dynamic force.  
 
McLaughlin et a1. (1998) developed a double extend octagonal ring drawbar 
transducers for 3-D force measurement. The transducer utilized two extended 
octagonal ring transducers one located on each side of the drawbar to measure draft 
and vertical force and side load with minimum alteration of the tractor-implement 
hitch point configurations. 
 
Kheiralla and Azmi Yahya (2001) designed, developed and calibrated  a transducer 
for measuring the horizontal drawbar force of an agricultural tractor. Their  transducer 
design was based on a thick proof ring that forms an integral part of the drawbar 
element made from 7075-T6 aluminum alloy with strain gauges bound on the inside 
and outside curvatures of the proof ring. The strain gauges were arranged in a full 
bridge constant current circuitry and interfaced to an acquisition system on board a 
tractor. Static calibration tests on the transducer showed high degree of linearity 
between applied load and output strain with coefficient of correlation or R2 equal to 
0.9997. 
 
CHAPTER III  
 
MATERIAL AND METHODS 
 
3.1 Loading Frame Design 
 The loading frame was constructed from 7cm×1.5cm steel strip.  The overall 
dimensions were 30cm height, 70cm width and 40cm depth. Additional frame of 
40cm×40cm×40cm from the same strip size was added at the top of frame. The frame 
was equipped with a manual hydraulic power pack. The power pack was selected to 
with stand tension load up to 100 kN. Figure 3.1  shows a details drawing of the 
loading frame. 
 
…Figure 3.1: Detailed drawing of the loading frame  
 
3.1.1 Hydraulic Pack  
The selection of the loading frame was based on maximum tension of 100 kN.  A 
hydraulic monograph was used to select the hydraulic cylinder. The hydraulic system 
consisted of hand pump and hydraulic cylinder. The selected hand pump had nominal 
pressure of 250 bar, maximum pressure of 300 bar and flow rate of 25 cm3/cycle and 
weight of 2.1 kg. The selected hydraulic cylinder had outer  diameter of 11.5 cm and 
inner diameter of 10.0 cm,  and the chrome rod had diameter of 7.5 cm. Figure 3.2 
shows the complete loading frame including hydraulic pack and drawbar transducer 
under loading. 
Figure 3.2:  A complete loading frame including hydraulic pack 
3.3   General Description 
The design of drawbar pull transducer is based on a thin proof ring that forms an 
integral part of the drawbar element. This machined transducer element replaces the 
existing drawbar of the tractor without affecting its original towing point. Figure (3.3) 
illustrates the principal dimensions of the drawbar pull transducer. The drawbar 
element is of hitch pin type having one end fixed to the tractor body using two pins 
and other end free for hitching the implement using a single pin. The thin proof ring 
portion was made close to the fixed end of the drawbar element to reduce lateral and 
longitudinal moments effecting  the measurements. A mild steel, being low in 
modulus of elasticity, is employed in making the drawbar element to give greater 
strain sensitivity. Diametrical deflections  are measured by  strain gauges bound on 
the inside and outside surfaces of the proof ring. These strain gauges are arranged in a 
full bridge circuit and interfaced to the available data acquisition system. Figure 3.4, 
illustrates the block diagram of complete system. 
 
All dimensions are in mm.
Figure 3.3: Principal dimensions of the drawbar pull transducer 
 
Figure 3.4:  Block diagram of the data acquisition system  
 
3.5 Thin Ring Analysis and Design  
The thin proof ring portion of the drawbar element is designed to meet any external 
load that is below elastic limit. The basic principal of thin ring forces and elastic 
analysis was developed by Cook in 1951. 
Consider one-half of a ring with the loads shown (see Figure 3.6), where the top and 
bottom of the ring are restrained from rotation; Mo is the moment required to satisfy 
this condition. The bending moment M at any point in the ring is described as 
follows:  
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The total elastic energy in the ring is expressed by the following equation: 
 =


0
2
02
1 rdMEIU (3.2) 
 
Transducer 
Data logger 
Host computer 
Memory card  
Reader / programmer
Figure 3.5: A thin ring for force and elastic analysis 
 
The angular speed  of ring at 0= is 0; thus                                                                 
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when integrated this gives 
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 Rearranging this gives 
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 Substituting M0 in equation (3-1), it yields the following equation: 
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Knowing that the moment due to F/2 is zero when 
 ,6.39,2sin °==  (3.8) 
Also, the moment due to P/2 is zero when  
 090,0cos ==  (3.9) 
The two positions °= 6.39 and °=90 are each a strain node for one force. Hence the 
moment due to vertical and horizontal forces can be computed as:  
 Pr,385.06.39cos2
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The strain " in a thin ring is computed by the following equation: 
 .6 2Ebt
M"= (3.12) 
Therefore, strains due to vertical and horizontal forces can be computed as: 
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where F is the applied horizontal force in kN, P is applied vertical force in kN, b  is 
the width  in mm,  r is the mean radius  in mm , t is the thickness  in mm.  
 
The available maximum drawbar power for a tractor in accordance to ASAE D497 is 
estimated to be 75 to 81% of its net engine power (ASAE 1996). The maximum 
drawbar pull of the tractor is calculated as: 
 
F = DP × 3.6/S                                                                           (3-15) 
where F is applied load(Pull) in kN, DP is the drawbar power in kW and S is the 
travel speed in km/hr.  
The drawbar pull transducer is to be developed for the Massey Ferguson 290 tractor 
with rated engine power of 61 kW. The tractor when operating at the lowest gear 
combinations (i.e. operating at 2.5 km/hr) can develop a maximum pull of 50 kN .As 
on this basis, a design load of 50 kN is used in the design analysis, but only 20 kN 
was considered as common operating load in field for design of the thin proof ring 
portion of the drawbar element due to  limiting of the hydraulic systems.  
Various combinations of internal radius, external radius and height dimensions 
are being tried for the computation of tensile stresses in the thin ring design. 
Dimensions of 35, 30 and  RS mm for mean radius, width and thickness, respectively, 
are finally chosen for the design of this thin proof ring on the basis of the material 
strength and practical constraint. Based on the selected design dimensions, the 
maximum tensile stress calculated to be 254.33 MPa.  This stress is below the elastic 
limit for mild steel which satisfy design required.   
 
The drawbar transducer element had strain gauges bonded on the inside and outside of 
the ring  at 90 degrees locations. The strain gauges are of Kyowa KFG-10-120-C1-
11L1M2R type with gauge resistance of 120 4.0± and gauge factor of  TUR  0.1± % .
The strain gauges are ready provided with 1-meter length lead wires and not require 
additional soldering. Easy installation and good signal transmission are the main 
reasons of employing such gauge type. The available four gauges are wired to a 5 
Volts Wheatstone bridge configuration with output volt described by Daily and Riley 
(1991) as  
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(3.16)         
Equation (3.16) shows that the output signal E is nonlinear with respect to R
because of the term R in the denominator and because of the second- order 
terms in the numerator. In practice, when measuring elastic strains in metals using 
properly designed Wheatstone bridge, the nonlinear terms can be made insignificant. 
Therefore the most simpler and very good approximate relationship can be written in 
terms of strain, since change in the resistance FGRR = 
/ and like with  gauges in 
all four bridge arms, the equation (3.6) can be written as 
 ( )43214  +=
FgGIRE (3.17) 
where R is the change in gauge resistance in ohm, R is the initial gauge resistance 
in ohm and  is strain in micro-strain and FG is the gauge factor which is an index of 
the strain sensitivity of the gauge. 
Then sensitivity of the transducer is expressed in terms of bridge output mvolt 
per unit force applied. The predicated channel sensitivity for the data acquisition 
system is calculated to be 0.113 m volt/ kN. 
3.6    Drawbar Transducer Deflection  
Consideration is made in the design analysis to assure small deflection of the 
thin proof ring under the design load. 
 The horizontal ( p ) deflection of the ring can be computed as follows:  
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Hence .Pr42.9 3
3
Ebtp = (3.20) 
Similarly, the vertical deflection can be computed as follows: 
 .79.1 3
3
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f = (3.21) 
Knowning various dimensions and material property, the drawbar pull transducer 
deflection at the design load is calculated to be 0.38 mm . 
 
3.7    Dynamic Measurement of Transducer  
The transducer under dynamic measurement response can be represented as a 
cantilever beam under a simple harmonic vibration that is excited by a fluctuating 
load at its free end. This can be modeled as a spring-mass-damper system with a 
single degree of freedom as indicated in Figure 3.8. 
The general equation for the system is expressed by a second order differential 
equation subjected to an arbitrary applied force F( t ) as follows 
 ( )tFkxdt
dxCdt
xdm =++2
2
(3.22) 
For a system oscillating without applied force and damping, the equation can be 
simplified as 
 02
2
=+kxdt
xdm (3.23) 
The general solution for any homogeneous differential equation 
similarly to equation (3-23) is expressed as 
 ( )$ += tCx sin1 (3.24) 
The free undamped angular frequency of the system is given as 
m
k
=$ (3.25) 
Figure 3.6:  Drawbar pull transducer modeled as mass-spring-damper system 
Since the natural frequency and angular frequency can be related by 
$ 2=nf and stiffness related to deflection by /mgk = , the transducer natural 
frequency can be expressed in terms of gravity acceleration and deflection and is 
given as 
 
f
n
gf 2
1
= (3.26) 
 where nf is the natural frequency in Hz , f is the static deflection in mm and g is 
acceleration due to gravity in 2/ sm . Knowing the magnitude of the drawbar pull 
deflection, the transducer natural frequency is calculated to be 25.83 Hz .
The transmissibility or magnification factor of the transducer is defined as the 
ratio of the transmitted force to the tractor and the dynamic force applied at tractor 
drawbar point. The transmissibility function for a spring-mass- damper system with a 
single degree of freedom under steady state is expressed as 
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The plot of Equation (3.27) in Figure3.6 reveals that transmissibility is closed to unity 
for any values of frequency ratio nt $$ / or nt ff / that is less than 0.1 regardless of 
the magnitude of any damping ratio or V. The working frequency of a tractor 
operating in the field is generally around 2 Hz (Claar et al.  RWXT and Erikson and 
Larsen 1983). The damping ratio for a drawbar transducer is assumed to be viscous in 
nature with magnitude equal to 0.01. Having both the damping ratio and frequency 
ratio (i.e .ratio of tractor working frequency to drawbar transducer natural frequency 
(T/25.83) being less than 0.1, gives a transmissibility magnitude of less than 1.01. In 
other words, this indicates that under dynamic response, the transducer would give a 
measurement error of no more than 1% of the excited fluctuating horizontal force. 
Such distortion or attenuation can be considered small in magnitude and significantly 
justified the accuracy of the transducer for dynamic response measurement 
Figure 3.7: Dynamic response of force input at flat region 
Source :James et al. ( )RWXY  
3.9 Finite elements  analysis 
STAAD stands for STructural Analysis And Design. It is one of the first software 
applications in the world made for the purpose of helping the structural engineers to 
automate their work, to eliminate the tedious and lengthy procedures of the manual 
method. STAAD program software was used to analysis the stresses of the transducer 
to enhance and refine the design from unknown stresses. 
The thin Ring analysis and design calculations gave a maximum tensile stress of  
254.33MPa, this stress is below the elastic limit of  mild steel, and from finite 
elements analysis the maximum tensile stress in Figure3.8, was found to be 289MPa 
and this stress  slightly exceeded the elastic limit. But it was in the acceptable range 
and satisfied the design. 
Figure 3.8: Stress distribution of Drawbar pull under 20 kN, x- direction
3.9 Strain Gauges Installation  
Installation of the strain gauges was carried out after smoothing the thin proof ring 
surfaces with fine silicon carbide abrasive paper. The strain gauges were mounted 
accurately using epoxy adhesives at the 90-degree strain nodes on the inner and outer 
curve surfaces of the thin proof ring . protective coating was applied to protect 
the gauges against water, humidity and mechanical abrasion .The strain gauge 
circuitry is excited by a 5 Volts source and the output strain is recorded by the data 
acquisition system in mVolt. The constant source is selected for better improvements 
in measurement linearity and accuracy . 
 
3.10     Data Acquisition System   
The data acquisition system (DAS) used was Campbell Scientific CR1000 model 
product of Campbell Scientific Inc, USA (see Figure 3.9). The DAS CR1000 provides 
measurements capabilities in rugged, battery-operated package. The CR1000 includes 
CPU and program storage, analog and digital inputs and outputs. The CR1000 had 2 
MB SRAM used  for program storage and operating system use and data storage. 
Additional storage is available by using compact flash card of 128K.  
 
The on board, BASIC-like programming language includes data processing and 
analysis routines. PC400, or LoggerNet Software provides program generation and 
editing, data retrieval, and real-time monitoring. It had 8 differential or 16 single-
ended inputs for measuring voltages up to ±5V. The G and 12V terminals on the 
power- in connector plug are for connecting power from an external battery to the  
Fi
gure 3.9: Campbell Scientific CR1000 Data Acquisition system 
 
CR1000. Three switched excitation channels provide precision programmable 
voltages within the ±2.5 Volt range for bridge measurements. Each channel will 
source up to 2.5mA at voltages up to ±2.5Vdc.  Program was executed at rate of up 
to 100 Hz. Direct connection of the CR1000 to a PC was conveniently done through 
the “Computer RS-232” port.  
 
3.10.2 System Software  
The data acquisition system supported by software packages provide more 
capabilities.  These software packages contain program editing, communications, and 
display tools that can support an entire data acquisition system network. The CR1000 
program directs how and when the sensors are measured and data are stored. The 
program is created on computer and sent to the CR1000. The CR1000 can store a 
number of programs in memory. Campbell Scientific has two software applications 
that create CR1000 programs: ShortCut and the CRBasic Editor. Short Cut is a 
program generator that creates a datalogger program in four easy steps, and a wiring 
diagram for the sensors while the CRBasic Editor is a program editor used to create 
more complex CR1000 programs.  
 
3.10.4   Connections to the CR1000 
Connecting power to the CR1000, first remove the green power connector from the 
CR1000 front panel. The positive 12V was inserted to lead into the terminal labeled 
“12V”, and the ground lead into the terminal labeled “G”. Polarity was checked 
before lugging the green connector into the panel. The white serial cable (PN 10873, 
provided) was connected between the port labeled “RS-232” on the CR1000 and the 
serial port on the computer. 
 
3.10.6   Shortcut Software  
Prompts the user through the process of programming the CR1000, using the 
PC200W software, first launched the EZSetup Wizard. Click the Next button and 
follow the prompts to select the CR1000, the COM port on the computer that will be 
used for communications, 115200 baud, and pakbus Address 1. When prompted with 
the option to Test communication click the Finish button was executed.  
 
To change a setting in the datalogger setup, select that datalogger from the main 
window, and click the Edit button was executed. If a datalogger was not added with 
the Wizard, click the Add button to invoke the Wizard. After exiting the EZSetup 
wizard, the Setup/Connect window appears, as shown Figure 3.10. The current 
Datalogger Profile, Datalogger Clock, and Datalogger Program features of PC200W  
Figure 3.10: PC400 datalogger support software for CR1000 window 
 
Are integrated into this window. Tabs to the right are used to select the Monitor 
Values and Collect Data windows. Buttons to the right of the tabs are used to run the 
Split, View, and Short Cut applications. 
 
3.10.7   Creating a CR1000 Program using Short Cut   
Short Cut button was executed to display the Home screen as shown in Figure 3.11. 
To create short cut program four steps were follows as listed:  
Step 1: Create a New File 
Step 2: Select the Sensors (see Figure 3.12) 
Step 3: Output processing (see Figure 3.13) 
Step 4: Finish (see Figure 3.14) 
 
Figure 3.11: Short Cut button to create a program 
 
Figure 3.12: Shortcut sensor selection windows 
Figure 3.13: Short cut output processing for sensor measurement window 
 
Figure 3.14: Short cut summary of program window 
3.10.8 Configuring the Setup Tab  
From the Setup/Connect screen the connect button was executed to establish 
communications with the CR1000 (see Figure 3.15). When communications have 
been establish, the text on the button will change to Disconnect. Then followed by 
synchronize the Clocks. Set Clock button was executed to synchronize the 
datalogger , s clock with the computer , s clock. The followed by sending the program 
which is executed by Select and Send Program button. A progress bar is displayed, 
followed by a message that the program was successfully sent. The monitor Values 
window is used to display the current sensor measurement values from the Public 
Table (see Figure 3.16) and the most recent data from the Table. The Collect Data tab 
was executed from the Collect Data window where were to store the retrieved data see 
Figure 3.17. With the Open New data from datalogger was selected and Collect 
button was executed for prompting of a file name. Save button was then executed to 
use the default file name CR1000_Tablex.dat. A progress bar, followed by the 
message Collection Complete is displayed (see Figure 3.18). To view the collected 
data, View button was executed to open a data file, the file CR1000_Tablex.dat in the 
PC200W folder was executed to display the data in columns with column headings. 
 
Figure 3.15: Short cut Setup/Connect screen window 
 
Figure 3.16: Short cut monitor values window 
 
Figure 3.17: Short cut Collect Data tab window 
 
Figure 3.18: Short cut Collected Data window 
 
3.12 Calibration 
Static calibration tests were carried out to determine the measurement linearity 
between applied load and output volt and to rectify the measurement accuracy 
between applied load and measured load. The calibration tests were performed by 
subjecting known loads to the drawbar pull transducer and recording the respective 
measured output volt or the measured loads by the data acquisition system (see 
Appendix A3). The drawbar transducer was mounted on to a universal loading frame 
that is equipped with a manual operated hydraulic power pack. A load cell is located 
in between the transducer and hydraulic system to measure the magnitude of the 
applied load by the hydraulic cylinder of the power pack. The data acquisition system 
was programmed to scan and record the measured signal of the drawbar pull 
transducer using Short cut or CRBasic program as shown in Figure 3.19). The test 
was conducted under the loading range from 2 to 20 kN and unloading range from 20 
to 2 kN at 2 kN intervals. 
 
Figure 3.21: Programming using the CRBasic Program Editor 
 
Figure3.19: CRBasic Program 
 
3.13   Statistical Analysis  
A two-way factorial statistical design consisting of 2 modes of loading (i.e. 
loading and unloading) and 10 levels of applied load in four replications was 
employed in the calibration test of the drawbar pull transducer.  The linear additive 
model for this design is expressed as 
Programming using the CRBasic Program Editor 
Const RevDff=1 
Const Del=0 
Const Integ=250 
Const Mult=1 
Const Offset=0 
Public Br_Volt 
Public Batt_Volt 
Units Br_Volt=mV 
Units Batt_Volt=V 
Data Table(Pull,1,40) 
Data Interval(0,1,sec,5) 
Average(1,Br_volt(),FP2,0) 
End Table 
Begin Prog 
Scan(1,sec,4,0) 
BrFull(Br_volt,1,mV2500,1,VX1,4,2500,true,true,0,250,1.0,0) 
Battery(Batt_volt) 
Call Table Pull 
Next Scan 
End Prog 
(3.27) 
The collected calibration data was analyzed using General Linear Models (GLM) 
procedure in Excel software package. 
Where ,Y ijk  represented kth observation was made in the jth block on the ith 
treatment, µ the mean and ijk the sampling error,  a i and j' were fixed and random 
models respectively. 
 
CHAPTER IV 
 
RESULTS AND DISCUSSIONS 
4.1 Development of Loading Frame   
The loading frame had been successfully designed and developed to be used for 
calibration of various transducers (see Figure 4.1). The loading frame was constructed 
from 7cm×1.5cm steel strip.  The overall dimensions were 30cm height, 70cm width 
and 40 cm depth. Additional frame of 40cm×40cm×40cm from the same strip size 
was added at  
Figure 4.1:  Drawbar pull transducer installed on the developed loading frame 
the top of frame. The frame was equipped by a manual hydraulic power pack. The 
power pack was selected to withstand tension load up to 100 kN 
4.2 Development of Drawbar Pull Transducer 
A drawbar pull transducer was successfully designed and developed. The design of 
the  transducer is based on a thin proof ring that forms an integral part of the drawbar 
element (see Figure 4.1). This machined transducer element replaces the existing 
drawbar of the tractor without affecting its original towing point. The drawbar 
element is of hitch pin type having one end fixed to the tractor body using two pins 
and other end free for hitching the implement using a single pin. The thin proof ring 
portion was made close to the fixed end of the drawbar element to reduce lateral and 
longitudinal moments effect on the measurements.  Mild steel, being low in modulus 
of elasticity, is employed in making the drawbar element to give greater strain 
sensitivity. The developed drawbar pull transducer have overall dimensions 850 mm 
length and 90 mm width and 30 mm thickness while the thin ring portion has 35mm 
mean radius, 30mm width and RS mm thickness. 
 
4.3 Calibration  
The calibration raw data for drawbar pull transducer is presented in Table 1 
(Appendix A1).The plotted calibration graph in Figure 4.C shows that applied load 
and measured output volt are highly correlated. The linearity equation is expressed by 
Y= 0.0034X +0.1606       with   9968.02 =R (4.1) 
 
where Y represented the measured output volt (mvolt) and X  the applied load in kN. 
The equation was used in the programming to scale Data logger (i.e multiplier from 1 
to 294.12 and an offset of 0 to -47.24) to read the measured output volt from the 
tractor’s drawbar pull in kN.  
The measured strain gauge bridge sensitivity was 0.0034 mVolt/kN. This value was 
33.24times lower than the earlier computed theoretical sensitivity (i.e  
0.113mVolt/kN). 
Again, the difference was due to gain multiplier effect that was set automatically 
during auto ranging by the Data logger.  
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R2 = 0.9968
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Figure 4.C: Calibration curve for Drawbar Pull Transducer 
 
The verification data for drawbar pull transducer measurement accuracy are presented 
in Table 2 (Appendix A2). The plotted measurement accuracy graph in Figure 4.D
shows high degree of linearity between applied load and measured load. Their 
relationship is best expressed by the following formula: 
Lm= 1.0067La with             9999.02 =R (4.2) 
where Lm represents the measured output load in kN and La is the applied load in 
KN.  
 
The transducer is rated to give measurement accuracy within ± 0.67% range. 
This factor was used for computing and documenting the measured output load by the 
transducer. The calculated drawbar transducer deflection by strain energy theory was 
0.38mm for a maximum design load of 20kN. The estimated drawbar transducer 
natural frequency from a single DOF of spring-mass-damper system was 25.83 Hz. A 
tractor-implement system with a harmonic frequency of 2Hz has a frequency ratio less 
than 0.1. The damping inherent is viscous in nature and can be assumed having a 
damping ratio or ( equal to 0.01. With such a damping ratio and frequency ratio for 
the drawbar transducer, the transmissibility will be less than 1.01 which in turn results 
in a measured horizontal force error of no more than 1% of the excitation horizontal 
force. Consequently, the conducted static calibration of the transducer was acceptable 
for dynamic force measurement and ensured that the cyclic forces measured by 
transducer on the tractor would not be distorted or attenuated.         
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Figure 4.D: Verification curve for measurements accuracy of drawbar pull transducer 
4.4 Finite Element Analysis. 
Finite element analysis was successfully conducted to check the stress distribution for 
the whole drawbar pull and embed thin ring. The classic formula by Cook applied in 
thin Ring analysis and design calculations found that the maximum tensile stress was 
computed  to be 254.33MPa, this stress is below the elastic limit of 280MPa for mild 
steel, and from finite elements analysis the maximum tensile stress was found to be 
289MPa and this stress  slightly exceed the elastic limit. Consequently both 
calculation methods were acceptable and satisfy the design. 
 
CHAPTER V 
 
CONCLUSIONS AND RECOMMENDATIONS  
 
5.1. Conclusions 
 The following conclusions could be drawn from the obtained results: 
1. A drawbar pull transducer had been successfully designed, developed and 
calibrated to measure horizontal force up to 20 kN. The transducer design was 
based on a thin proof ring that forms an integral part of the tractor drawbar. 
The machined drawbar element serves as a force transducer and at same time 
replaces the existing tractor drawbar without affecting its original towing point 
positions. 
 
2. The transducer was been designed with good stiffness as indicated by its small 
deflection at the design load and excellence measurement sensitivity. 
 
3. The data acquisition system was able to scan and record the signals measured 
by the drawbar pull transducer as programmed.   
 
4. Static calibration results showed excellent measurement linearity between 
applied load and output volt with coefficient of correlation or 2R equal to 
0.9968. 
 
5. The transducer measurements accuracy was within the acceptable range limits 
with measurement errors being not more than 0.67% of the measured force 
magnitude under static measurements. 
 
6. The finite element analysis indicated that the drawbar pull transducer 
maximum tensile stress in x-direction was slightly exceed elastic limit but it 
was in acceptable range of the design compared to the calculated stress. 
5.2 Recommendations: 
Based on the obtained findings, the following recommendations can be drawn: 
1. A complete data acquisition system shall being study a wheel torque at both 
tractor rear wheels, PTO torque at the tractor PTO output, and both horizontal 
and vertical forces on the implement at the 3 point hitches. 
2. To demonstrate the developed transducer field. 
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Appendices 
 
Appendix A1 
 
Table1: Draw bar pull transducer calibration data 
 
kN(Lr1) mV kN(Ur1) mV kN(Lr2) mV kN(Ur2) mV 
2 0.167 20 0.227 2 0.167 20 0.227 
4 0.175 18 0.222 4 0.174 18 0.223 
6 0.182 16 0.217 6 0.181 16 0.217 
8 0.188 14 0.209 8 0.187 14 0.211 
10 0.195 12 0.203 10 0.194 12 0.203 
12 0.203 10 0.195 12 0.203 10 0.196 
14 0.208 8 0.188 14 0.208 8 0.189 
16 0.217 6 0.181 16 0.217 6 0.181 
18 0.222 4 0.174 18 0.221 4 0.174 
20 0.227 2 0.167 20 0.227 2 0.167 
kN(Lr3) mV kN(Ur3) mV kN(Lr4) mV kN(Ur4) mV 
2 0.167 20 0.227 2 0.167 20 0.227 
4 0.173 18 0.222 4 0.173 18 0.222 
6 0.180 16 0.217 6 0.180 16 0.217 
8 0.187 14 0.211 8 0.187 14 0.209 
10 0.195 12 0.203 10 0.193 12 0.203 
12 0.201 10 0.195 12 0.201 10 0.196 
14 0.208 8 0.188 14 0.208 8 0.187 
16 0.215 6 0.181 16 0.215 6 0.181 
18 0.221 4 0.174 18 0.221 4 0.174 
20 0.227 2 0.167 20 0.227 2 0.167 
Notation: 
 L=loading U= unloading r = replication 1,2,3,4 
 
Appendix A2 
 
Table2: Draw bar pull transducer measurement accuracy data 
 
app. 
L(kN)1 
mea. 
L(kN) 
app. 
UL(kN)1
mea. 
L(kN) 
app. 
L(kN)2 
mea. 
L(kN) 
app. 
UL(kN)2
mea. 
L(kN) 
2 1.9 20 20.05 2 1.9 20 20.05 
4 4.07 18 18.08 4 4.07 18 18.07 
6 6.04 16 16.11 6 6.04 16 16.10 
8 8.02 14 14.14 8 8.01 14 14.13 
10 10.19 12 12.16 10 10.18 12 12.16 
12 12.16 10 10.19 12 12.16 10 10.18 
14 14.13 8 8.02 14 14.13 8 8.01 
16 16.11 6 6.04 16 16.10 6 6.04 
18 18.08 4 4.07 18 18.07 4 4.07 
20 20.05 2 1.90 20 20.05 2 2.09 
app. 
L(kN)3 
mea. 
L(kN) 
app. 
UL(kN)3
mea. 
L(kN) 
app. 
L(kN)4 
mea. 
L(kN) 
app. 
UL(kN)4
mea. 
L(kN) 
2 2.09 20 20.05 2 2.09 20 20.05 
4 4.07 18 18.08 4 4.07 18 18.08 
6 6.04 16 16.10 6 6.04 16 16.10 
8 8.01 14 14.13 8 8.01 14 14.13 
10 10.18 12 12.16 10 10.18 12 12.16 
12 12.16 10 10.18 12 12.16 10 10.18 
14 14.13 8 8.01 14 14.13 8 8.01 
16 16.10 6 6.04 16 16.10 6 6.04 
18 18.08 4 4.07 18 18.08 4 4.07 
20 20.05 2 2.09 20 20.05 2 2.09 
Notation: 
Replications = 1,2,3,4 App. L = applied load .UL= unloading Mea. L = measuring 
load 
 
Appendix A3 
 
Calibration test on progress 
 

